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ABSTRACT
Paleomagnetic directions of samples from the Ten Peak and Sulphur Mtn. 
plutons, Hidden Lake stock, and Oval Peak batholith in the North Cascades 
reveal multi-component magnetization and instability. In the Hidden Lake 
stock and Ten Peak pluton, a strong viscous overprint parallels the present 
day field. The Sulphur Mountain pluton shows complete magnetic 
instability; making it impossible to compute a meaningful mean direction. 
The rocks of the Oval Peak batholith are believed to have been magnetically 
reset during the Eocene, although the observed declination of 167° and 
inclination of -67° is significantly different from the expected Eocene 
direction. The mean direction for the Oval Peak batholith is very similar 
to directions obtained by Strickler (1982) for the Black Peak batholith, 
and by Stauss (1982) for dikes in the Corbaley Canyon area. These three 
units with similar paleomagnetic discordance are found within a panel of 
rock bound on the east by the Ross Lake fault zone and on the west by the 
Entiat fault. The rock of the Corbaley Canyon area is Eocene, while the 
Black Peak batholith has been dated using K/Ar methods at 88.4 Ma and 103 
Ma (hornblende), and 73 Ma (biotite). It seems likely that the 
magnetization of the Black Peak batholith was thermally reset during the 
Eocene, when it was intruded by the Golden Horn batholith. The inclination 
for the observed direction from the three units is similar to that expected 
for the Eocene, but the declination is discordant by approximately 170°. 
Acquisition of both normal and reverse aberrant directions during anomalous 
states of the magnetic field is improbable. Bias by an uncleaned overprint 
might explain the imperfection of antiparallelism, but cannot account for
i
discordance of both normal and reverse magnetizations. Models involving 
large scale clockwise rotation or tilt down to the northwest could account 
for the observed discordance. However, there is no geologic evidence to 
support either model. A better explanation may be that relatively small 
blocks have individually rotated clockwise or have undergone large tilts 
down to the northwest, but again, geologic evidence for such displacement 
has yet to be recognized.
Petrology and magnetic characteristics of rocks from this study were 
compared to those of magnetically stable intrusive rocks of the Mt. Stuart 
and Chilliwack batholiths and Fawn Peak stock. Comparison of natural 
remanent magnetization (NRM) with saturation isothermal remanent 
magnetization (IRM) for magnetically stable and unstable samples indicates 
that the magnetization of the unstable samples from this study resides in 
multi-domain magnetic grains, whereas the magnetically stable samples show 
single-domain grain magnetic behavior. Tiny grains of magnetite are seen 
in the plagioclase of the magnetically stable rocks whereas none appear in 
the magnetically unstable rocks. These tiny magnetite grains may be 
responsible for magnetic stability in the stable rocks. Lack of magnetite 
in the plagioclase of the unstable rocks may explain why they are 
magnetically unstable. Initial magmatic compositions, cooling conditions, 
or subsequent alteration of plagioclase may be considered as possibilities 
explaining the lack of magnetite.
Petrographic studies show that the magnetically unstable rocks of this 
study are more altered (i.e., sericitization of plagioclase) and strained 
(recognized by undulatory extinction and recrystallized quartz) than the 
magnetically stable rocks from the Mt. Stuart and Chilliwack batholiths 
and Fawn Peak stock. Magnetically unstable rocks of this study show a
persistent VRM overprint stable to approximately lOOoe and parallel to the 
present day field. Stott and Stacey (I960) have shown that stress may aid 
a rock in acquiring a VRM. It is not known when these rocks experienced 
deformation in their history, but, as the field direction has changed 
little since the Mid-Tertiary, it appears a possibility that stress may 
have aided in the acquisition of a VRM overprint since that time.
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1INTRODUCTION
The Late Cretaceous Mt. Stuart batholith lies in the Cascade Range of 
central Washington (figure 1). The paleomagnetism of this batholith was 
studied by Beck and Noson (1972) who determined a declination approximately 
30-40 ° eastward of the expected North American late Cretaceous direction
and an inclination nearly 30 °too shallow. Further study by Beck and 
others (1981a) indicated that the Mt. Stuart direction is even more 
discordant than originally determined. Beck and others (1981b) examined 
results from paleomagnetic studies of Mesozoic granitic plutons in Western 
North America, and concluded that many, and perhaps all, Mesozoic plutons 
currently on the extreme edge of North America originated far south of 
their present location. Figure 2 shows the location of Mesozoic batholiths 
that display discordant paleomagnetic directions along the extreme 
northwestern edge of North America. The discordant shallow inclinations 
observed in many of these Mesozoic batholiths may be explained by a variety 
of processes, although these processes may fall into one of two categories, 
translation or post emplacement tilt. Northward translation is the model 
proposed by Beck and Noson (1972), and preferred by Beck and others (1980), 
and Beck and others (1981a,b) for the Mt. Stuart batholith. Without an 
indication of the paleohorizontal, the possibility of post emplacement tilt 
could not be eliminated.
To help solve the translation vs. tilt question Strickler (1982) 
investigated three other North Cascade Cretaceous intrusions coeval with 
the Mt. Stuart batholith: the Black Peak batholith, the Mt. Chaval 
pluton, and the Dirty Face pluton (figure 1). The Mt. Chaval and Dirty 
Face plutons showed almost complete magnetic instability, a meaningful
Figure 1. Generalized geologic map of the North Cascades. Modified 
from compilation of R. Haugerud (1979, unpublished).
Qv - Quaternary volcanics
Teg - Tertiary sediments in Chiwaukum graben
Tp - Tertiary plutonics
Kp - Cretaceous plutonics
mKp - Cretaceous plutonics (metamorphosed)
KJmg - Jura-Cretaceous sediments in Methow graben
m - Undifferentiated metamorphic rock
Cretaceous intrusives named
Contact
Major fault
4
4Figure 2. Mesozoic intrusives of Western North America with dis­
cordant shallow inclinations. Modified from Beck and 
others, 1982; after King and Edmonston, 1972; and King, 
1969.
MS - Mt. Stuart batholith, (Beck and Others, 1981)
SP - Spuzzum batholith, (E. Irving, personnel communication
preliminary results, 1983)
GB - Guichion batholith, (D. T. A. Symons, unpublished
manuscript, 1983)
HK - Hawkesbury Warp, (Symons, 1977a)
CS - Eastern Panel plutons, (Symons, 1977b)
AX - Axelgold pluton, (Irving and others, 1980)
HS - Howe Sound, (Irving and others, 1976)
5paleomagnetic direction was not obtained. The third, the Black Peak 
batholith, has a paleomagnetic direction similar in inclination to the 
expected Cretaceous direction, though the declination is nearly 180° 
discordant. This direction for the Black Peak is significantly different 
from the Mt. Stuart direction, though approximately the same as obtained 
by Whitney (1973,1975) for the same body. This wide divergence between the 
direction of the Black Peak and the Mt. Stuart batholiths does not support 
northward transport of the North Cascades as a coherent block. Also, 
magnetic instability, as observed in the Mt Chaval and Dirty Face plutons, 
raises questions as to the nature of the magnetic carriers.
The present study was initiated to investigate the paleomagnetism of 
four more North Cascade Cretaceous intrusives; the Ten Peak and Sulphur 
Mtn. plutons, the Hidden Lake stock, and the Oval Peak batholith (figure 
1). The study was undertaken to specifically address the following 
questions:
(1) Do the four intrusions carry stable remanent magnetization of primary
origin?
(2) If so,
a) are the paleomagnetic directions similar to the Mt. Stuart 
direction, which would lend support to the idea that all four are part of a 
single, coherent, displaced terrane, or
b) are the paleomagnetic directions different across the Entiat fault,
which would support differential rotation, tilt, or both, between the two
areas?
6(3) If no primary magnetization is present, do the secondary magnetizations
(a) show rotation after a possible Tertiary remagnetization, or
(b) do they show any reasonable stability or pattern?
(4) If no magnetic stability is found, what can be said about the magnetic
carriers?
7REGIONAL GEOLOGIC SETTING
Many complex geologic events are recorded in the rocks of the North 
Cascades. Paleozoic metamorphic rocks have been thrust over a pre-Early 
Paleozoic basement, juxtaposing three metamorphic suites. All units were 
in turn intruded throughout the Cretaceous and Tertiary (Misch,1966). 
Figure 1 shows a generalized geologic map of the North Cascades. The 
present Cascade Range has a north-south trend although there is an obvious 
northwest-southeast structural trend where pre-01igocene rocks are exposed.
The rock units and tectonic events fall into several major groups 
which are summarized below from Misch (1966). A Paleozoic and/or 
Precambrian crystalline basement unconformably underlies all other units of 
the North Cascades. Basement rocks are seen as tectonic slices on the 
western flank of the range, and as anticlinal belts within its metamorphic 
core. The Cascade Metamorphic Suite forms the crystalline core of 
regionally metamorphosed rocks derived from deposits younger than the 
basement complex. From west to east the suite is subdivided as follows. 
The Shuksan Thrust Plate, composed of the Darrington phyllite and Shuksan 
Greenschist, provides the western boundary of the Shuksan Metamorphic 
Suite. The' Straight Creek Fault divides the Shuksan Metamorphic Suite from 
the Skagit Metamorphic Suite which includes the Cascade River Schist and 
the Skagit Gneiss. The Ross Lake Fault separates the Skagit Metamorphic 
Suite from the narrow eastern metamorphic belt.
Late Middle to Late Paleozoic eugeosynclinal deposition produced a 
thick volcanic and sedimentary sequence. Units composing this sequence are
8the Chilliwack Group on the west side of the range and the Hozomeen Group 
on the east. Prior to the Late Cretaceous, Mesozoic eugeosynclinal 
sediments were deposited. This event includes a thick marine accumulation 
which is the earliest Jurassic Cultus Formation.
A mid to early-Late Cretaceous orogeny produced many large structures 
including large overthrusts in the North Cascades. Late Cretaceous and 
Early Tertiary deposition in a continental trough produced the clastic 
Chuckanut Formation. This and other units of the North Cascades were 
folded during an Early Eocene deformational event, although no complex 
structures were produced.
Extensive intrusive activity occurred in the North Cascades during the 
Late Cretaceous and again in the mid-Tertiary. An eastern intrusive belt 
aligned along the Ross Lake Fault Zone contains the Black Peak, Oval Peak, 
and the Golden Horn batholiths. A western intrusive region is largely 
represented by the Chilliwack batholith, with smaller plutons to the 
southeast. The North Cascades have seen little major tectonic deformation 
since emplacment of the Tertiary intrusions (Beck and others, 1982).
9GEOLOGY OF THE SAMPLED UNITS
HIDDEN LAKE STOCK
The Late Cretaceous or Tertiary Hidden Lake stock crops out over a 21 
square km area, 16 km east of Marblemount Washington in the North Cascades 
(see figure 1 ). Little geologic work has been done on the stock. Misch 
(1952, 1966) mapped the Hidden Lake stock in reconnaissance; a synopsis of 
his work is presented here.
The Hidden Lake stock, which is granodiorite to quartz diorite in 
composition, forcefully intruded the Cascade River schist. Figure 3 is a 
generalized geologic map of the Hidden Lake stock and surrounding region, 
showing major units and structures in the area. The northwest trending 
Entiat fault lies approximately 1 km west of the Hidden Lake stock. This 
high-angle fault shows little evidence of strike-slip movement (R. Tabor, 
personal communication, 1983) although its northwest-southeast trend, and 
great lateral extent are similiar to the Straight Creek Fault (see figure 1 
), which has documented major strike-slip movement.
Two sites were sampled in biotite-rich granodiorite within the Hidden 
Lake stock. The rock at both sites is homogeneous and visually isotropic 
in texture, and is stained slightly, presumably by iron-oxide.
Misch (1966) contended that the Hidden Lake stock was emplaced during 
the Late Cretaceous or Early Tertiary and is concordant with the Chilliwack 
batholith, though recent dating shows ages ranging from 8.8 to 50 Ma for 
the Chilliwack Composite batholith (Engels and others, 1976). The Hidden 
Lake stock is currently being dated by J. A. Vance.
10
N
kilometers
KTh - Hidden Lake stock 
sg - Skagit gneiss 
cr - Cascade River schist 
e - Basement (Eldorado gneiss)
geologic contact 
major fault 
O sites
-------boundary of the Glacier
wilderness area
Explanation of map symbols
Figure 3. Geologic map of the Hidden Lake stock and surrounding area. 
Geology modified from Misch (1966).
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OVAL PEAK BATHOLITH
The Oval Peak batholith lies 20 km west of Twisp, Washington (see 
figure 1), is elongated northwest-southeast, and crops out over an area of 
approximately 130 square km.
Adams (1961) made a detailed map and studied the petrology of the 
northern half of the Oval Peak batholith. The southern half was mapped and 
studied by Libby (1964). Barkesdale (1975) mapped the northern and eastern 
contacts of the intrusion as part of a geologic map of the Methow Valley.
Adams (1961) described the quartz-diorite of the Oval Peak body as 
uniform in grain size and composition. A northwest-southeast fabric, 
characterized by preferential alignment of biotite, is seen throughout the 
batholith (Adams, 1961).
The geology of the Oval Peak batholith and surrounding area is 
presented in figure 4. The batholith is elongated in a northwest-southeast 
direction parallel to the regional trend. The contact between the northern 
portion of the batholith and the Chelan batholithic complex is sharp and 
discordant (Adams,1961). Barkesdale (1975) showed contacts that are both 
concordant and discordant with the schistosity. Thermal contact 
metamorphic effects are discernable in the schist up to 750 m from the 
intrusion. The northeastern portion of the batholith is separated from a 
greywacke-volcanic (Kvr and Kmp in map, figure 4) sequence by a shear zone 
consisting of mylonitized gneiss, schist and quartz diorite of the Oval 
Peak unit (Libby, 1964). To the southwest the quartz diorite is separated 
from the Chelan Complex (i.e., Skagit Gneiss of Misch, 1952) by the 
isochemical Horsehead Pass Schist, a concordant septum 60 m thick and 19 km
kvr - Virginian Ridge Formation 
cbc - Chelan Batholithic complex
geologic contact
fault, dashed where approximately located
U, up thrown side; D, down thrown side, 
arrows designate relative movement.
o sites
Figure 4. Geologic map of the Oval Peak batholith and surrounding 
area. Geology taken from Barkesdale (1975).
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long. The quartz diorite of the Oval Peak batholith was sampled at six 
sites, and rock at all sites except 3 and 5 shows a weak gneissic 
foliation. Site 6 was very near the contact, has well developed jointing 
and is strongly iron-oxide stained.
The Oval Peak batholith is believed to be Cretaceous in age 
(Barkesdale,1975) and is presently being dated. Preliminary K/Ar biotite 
and hornblende ages are concordant at 47+-1.5 Ma (personal communication, 
J. Vance, 1983), but Vance believes this to be a reset age.
TEN PEAK PLUTON
The rock unit now known as the Ten Peak pluton crops out 5 km 
southeast of Glacier Peak (figure 1) and has had many names since Cater and 
Crowder (1956) first mapped and named it the White River granodiorite and 
quartz diorite. The name was formalized and amended by Van Diver (1964) to 
the White River Orthogneiss. In the Glacier Peak quadrangle, Crowder and 
others (1966) refer to the unit as the Ten Peak pluton, while in the 
adjacent Holden quadrangle Cater and Crowder (1967) divide it into the Ten 
Peak and White Mtn. plutons. Tabor and others (1980) recently mapped the 
southern portion of the pluton. They believe that the rock units 
previously divided by Cater and Crowder (1967) are essentially continuous 
and refer to both as the Ten Peak pluton.
The Ten Peak pluton was originally thought to be metasomatically 
derived from the surrounding schists (Ford, 1959). However field evidence 
acquired later in the form of disoriented inclusions, sharp contacts, and 
dikes that intrude the surrounding schist indicate an igneous origin (Cater
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and Crowder, 1967). The Ten Peak pluton is predominantly quartz diorite in 
composition (Van Diver, 1964) and its texture is weakly gneissic to 
isotropic (Ford, 1959).
The geology of the Ten Peak pluton and surrounding area is presented 
in figure 5. The northern portion of the Ten Peak pluton is covered by 
Quaternary lava and pyroclastic deposits of Glacier Peak. In the north, 
the pluton intruded schists of the Napeequa River area. The Ten Peak 
pluton intrudes the Chiwaukum Schist to the south and is bounded on the 
west by the north-south trending high angle Leavenworth Fault, separating 
the Ten Peak rocks from the Roaring Creek Terrane (Tabor and others, 1980).
Lithologies at sampling sites ranged from quartz diorite to 
hornblendic quartz diorite. Texturally, these rocks are weakly gneissic to 
isotropic. K/Ar analysis of hornblende, biotite, and muscovite yield ages 
ranging from 90 Ma to 66 Ma for the Ten Peak pluton (Engels and others, 
1976).
SULPHUR MOUNTAIN PLUTON
The Sulphur Mtn. pluton is located 10 km north of Glacier Peak 
(figure 1). The pluton crops out over an area of 65 square km and consists 
predominantly of weakly gneissic to isotropic quartz diorite and 
trondhjemite.
Ford (1957, 1959) originally studied and named the Sulphur Mtn. 
pluton in the northern portion of the Glacier Peak Quadrangle. Grant 
(1966) mapped and studied the northern 1/3 of the unit which lies in the 
Dome Peak Quadrangle.
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Explanation of Map Symbols 
Qga - Glacier Peak volcanics
Ktp - Ten Peak pluton, quartz diorite
Ktpg - Ten Peak pluton, metadiorite and 
diorite gneiss
Ngb - Rocks of Napeequa River area
Sg - Roaring Creek Terrane
Jks - Chiwaukum schist
geologic contact
fault, dashed where 
inferred
••••• contact between quartz
diorite and diorite 
gneiss
o sites
Figure 5. Geologic map of the Ten Peak pluton and surrounding area.
Geology taken from Tabor and others (1980); Crowder and
others (1966); and Van Diver (1964).
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Ford (1959) interpreted the rocks of the Sulphur Mtn. pluton as 
having been derived from country rock through granitization. More recent 
studies by Grant (1966) failed to corroborate Ford's original 
interpretations. Grant (1966) showed that contact and internal structures 
suggest that the Sulphur Mtn. rocks were derived from a pre-Cascade or 
early Cascade metamorphism of a quartz diorite intrusion.
Figure 6 illustrates the geology of Sulphur Mtn. and the surrounding 
area. Crowder and others (1966) have shown that the Sulphur Mtn. unit 
intrudes the central schist belt (Green Mtn. unit of Grant, 1966) 
producing a sharp contact between the two units to the north and west. To 
the east the Sulphur Mtn. rocks are in fault contact (small thrust dipping 
35-40 to the west) with the Spire Point Migmatites (Grant, 1966). The 
Sulphu Mtn. pluton is intruded on its southern end by the Cloudy Pass 
pluton (Crowder and others, 1966). Rocks were sampled at seven sites 
(sites 2-8) in the Sulphur Mtn. pluton. Site lithologies varied from 
slightly foliated to isotropic granodiorite.
Engels and others (1976) dated the Sulphur Mtn. pluton at one 
locality using a K/Ar analysis on hornblende and biotite and calculated 
ages of 70 Ma and 57 Ma respectively.
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Explanation of map symbols
bhs - Central schist belt
(rocks of Napeequa River area)
gtg - Grassy Point stock
Tc - Cloudy Pass pluton
Sp - Spire Point migmatites
Ks - Cretaceous Sulphur Mtn. pluton
Geologic contact
fault, dashed 
where inferred
o Sites
Figure 6. Geologic map of the Sulphur Mtn. pluton and surrounding 
area. Geology taken from Crowder and others (1966) and 
Grant (1966).
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PALEOMAGNETISM
PALEOMAGNETIC METHODS
In the following discussion of methods, basic terms and ideas used in 
paleomagnetism will be used. This is a brief statement to familiarize 
readers with these terms and ideas.
Ideally, when an igneous rock cools through a certain temperature 
range (termed its blocking temperatures) it acquires a primary
magnetization parallel to the earth's field. When a component of
magnetization is acquired in this way, it is termed a thermoremanent 
magnetization (TRM). The magnetic direction is expected to be in the 
direction of the ambient field, though systematically directed
anisotropies, redistribution or deposition of new magnetic minerals during 
late stages of cooling, or cooling stresses, may deflect the TRM direction 
(Irving,1964). Secondary magnetizations may overprint the primary 
direction during the rock's history. These secondary magnetizations may 
originate in several ways, but the most common overprint is a viscous 
remanent magnetization (VRM).
VRM is acquired below the Curie temperature, even at surface 
temperatures (20 to 25°C ). It results from spontaneous demagnetization by 
thermal agitations within a magnetic grain; any magnetic field present 
will provide a bias, so that the primary direction tends to change in the 
direction of the biasing field.
19
Other secondary magnetizations may also be encountered. Lightning 
strikes may cause an isothermal remanent magnetization (IRM) to overprint 
the primary direction. Weathering or hydrothermal alteration may alter the 
composition of magnetic minerals or introduce new magnetic minerals. If 
the ambient field direction is different when these alterations occur, a 
secondary chemical remanent magnetization (CRM) would be acquired. 
Alternating field (AF) and thermal demagnetization most commonly are used 
to distinguish secondary components and if possible eliminate them, leaving 
only the primary direction.
SAMPLING
Standard field and laboratory methods and equipment used in sampling, 
measuring, and demagnetizing samples are described in Appendix 1.
A total of 378 cores was collected from the four intrusive bodies. 
Seven sites were sampled in both the Ten Peak pluton (120 cores) and 
Sulphur Mtn. pluton (142 cores). Six sites are in the Oval Peak batholith 
(85 cores), and 2 sites are in the Hidden Lake stock (31 cores). Site 
locations are shown on the geologic map for each intrusion (figures 3,4,5, 
and 6). For a complete description and location of each site see Appendix 
2.
Sampling sites were mostly glaciated natural exposures. Some ridge 
crests were sampled, though these were not prefered, due to their 
susceptibility to lightning strikes. Between 12 and 27 samples, spaced 
over linear distances exceeding 100 m, were taken at each site.
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SAMPLE AND SITE STABILITY; CRITERIA OF RELIABILITY
Granitic rocks are notorious for showing magnetic instability. This 
may be due to complexities of slow crystallization and the unmixing of 
different phases on cooling of the rock. Careful analysis of AF and 
thermal demagnetization data is required to identify stable components, if 
present. The following is a description of the procedures used in this 
study to determine if the magnetic minerals carry a primary TRM.
MAGNETIC AND THERMAL CLEANING
Samples were subjected to both (AF) magnetic cleaning, and thermal 
cleaning. The initial direction before magnetic cleaning is known as the 
natural remanent magnetization (NRM). The NRM may be made up of several 
components; a primary component, plus secondary components of various 
origin (see previous section). The part of NRM of main geophysical 
interest is the primary magnetization. VRM's are usually of low 
coercivity, and if so, can effectively be removed by AF demagnetization. 
If the secondary overprint is caused by a reheating of the rock (i.e., is a 
partial TRM), it may be difficult to distinguish from the primary TRM and 
so its removal may be difficult. IRMs caused by a strong field such as 
lighting are usually easy to distinguish but may be hard to remove. CRM's, 
are in general, the hardest overprints to remove; they are caused by the 
introduction of new magnetic minerals such as hematite. Hematite is very 
resistant to AF demagnetization so thermal cleaning must be incorporated 
(McElhinny, 1973), though even then complete removal of this component may 
be impossible. An unwanted anhysteretic remanent magnetization may be
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induced in a specimen during AF demagnetization. This component usually 
arises if the sample is exposed to a steady field such as the earth's 
during demagnetization, or if the alternating field is asymmetrical. 
Proper handling and a finely tuned tumbling-specimen demagnetizer should 
alleviate the problem of anhysteretic remanent magnetization. The aim of 
both thermal and AF demagnetization is to selectively remove components of 
magnetization with low coercive force or low blocking temperature, leaving 
components with higher values, presumed to be primary.
AF demagnetization is commonly used because it is relatively fast and 
effective in removing secondary components from magnetite-bearing rocks. 
Thermal demagnetization is a relatively slow process, but is more effective 
in removing secondary components from hematite-bearing rocks. Thermal 
demagnetization, also is helpful in determining the unblocking temperatures 
of the magnetic minerals. AF used in conjunction with thermal 
demagnetization on specimens from the same core (i.e., AF on one specimen, 
thermal on the other) may be helpful in demonstrating at what temperature 
the primary magnetization was blocked. The combination of these two 
magnetic cleaning methods is also helpful in identifing the magnetic 
minerals responsible for the remanence.
ALTERNATING FIELD DEMAGNETIZATION
Pilot samples (four from each site) were subjected to AF 
demagnetization and measured at 50 to 100 oersted (oe) intervals to a peak 
level of 1000 oe. This was done on representative samples to examine 
response to progressively stronger AF demagnetization in hopes of finding a 
value of field intensity that eliminated all the secondary magnetizations.
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Other samples within the site could then be demagnetized at this level to 
remove secondary components of magnetization. This is only possible with 
rocks in which the bulk secondary magnetization is of a lower coercive 
force than the bulk primary magnetization (Zijderveld, 1967). Although 
this method proved useful for the samples from the Hidden Lake stock, no 
discrete level or levels could be isolated that would remove secondary 
magnetization from the three other intrusive bodies. Thus all specimens 
from the remaining intrusive bodies were subjected to progressive AF 
demagnetizations to levels where they began to behave magnetically 
unstable. A sample was termed unstable and measurements were ceased when 
it showed erratic direction changes, abnormal intensity increases or 
decreases, or both. Results were analyzed after each demagnetization step 
by means of orthogonal plots (Zijderveld, 1967).
THERMAL DEMAGNETIZATION
A knowledge of the blocking temperature spectrum is helpful in 
understanding the possibility of thermal overprinting and identifying 
magnetic carriers. Thermal demagnetization is also helpful in determining 
at what temperature stable remanence (if any) was acquired.
To study the blocking temperature spectra of the 4 intrusions, 5 
samples from the Hidden Lake stock, 25 from the Ten Peak pluton, and 9 
samples each from the Sulphur Mtn. and Oval Peak plutons were thermally 
demagnetized at the following steps (in degrees C): 355, 460, 500, 535, 
555, 570, and 600. Companion specimens from the same cores that were 
previously AF demagnetized were used. The usual progessive method in which 
the sample is subjected to successively higher temperatures and cooled in
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field-free space, then measured, was utilized for thermal cleaning.
SAMPLE STABILITY
The stability of NRM may be judged by its resistance to steady or 
alternating magnetic fields or to heat. Resistance to magnetic fields 
depends on the coercive force, and resistance to heat depends on the 
blocking temperature of the magnetic minerals responsible for the NRM. A 
stable component is obtained after the magnetic vector stops changing 
direction, or changes only slightly on successive demagnetization steps (As 
and Zijderveld, 1958; McElhinny and Gough, 1963). Figures 7(a and b) 
contrast stable and unstable behavior as observed in this study. The 
median destructive field (MDF) is sometimes used as a rough measure of 
stability; it is the peak alternating field required to reduce the NRM 
intensity to one half of its original value (figure 7a).
Stability of magnetization is analyzed with the aid of orthogonal 
plots, stereographic projections, and intensity decay curves (figure 7a and 
b). Orthogonal plots are projections of the end point of the vector of 
magnetization onto both vertical and a horizontal planes, as a sample is 
stepwise demagnetized (Zijderveld, 1967). Stereographic projections and 
intensity decay curves convey the same information (changes in direction 
and strength of NRM) using two separate plots.
Using procedures outlined above, a stable sample can be identified by 
its resistance to directional change after a certain demagnetization level. 
In this study, a component or combination of components of magnetization 
would be removed during the initial demagnetization steps (say, to 200 oe), 
after which a stable sample might lose intensity but its direction would
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FIGURE 7. Criteria used to define stable and unstable magnetic behavior 
during AF demagnetization; with an explanation of the format 
used for these figures and the following figures of this type.
a. AF demagnetization results for specimen TP3.01A from the
Ten Peak pluton. This sample is judged magnetically
stable because a component of magnetization is isolated
between 100 oe and 400 oe. The orthogonal plot is noisy
(i.e., directions jump around at 200-400 oe) although a
straight line may be inferred from 100-400 oe. The sample
is directionally stable at 400 oe, as may be observed on
the stereographic projection. The median destructive
field (MDF) for this sample is 250 oe.
b. AF demagnetization results for specimen SM2.11A from the
Sulphur Mtn. pluton. This sample was judged to be magneti­
cally unstable (i.e., no component of magnetization was
isolated). Erratic direction and intensity changes occur
at every demagnetization level.
Explanation of Data Format
Sample Number: Letters designate pluton, i.e., 0P=0val Peak, HL=Hidden
Lake, SM=Sulphur Mtn., TP=Ten Peak. First digit is site 
number, second digit (or digits) after decimal designate 
sample number. A or B designate specimen.
Intensity Decay Curve: Intensities during demagnetization normalized by
NRM with a linear scale of the ordinate and 
abscissa.
Stereographic Projection: Plot of changes in direction of the sample
during demagnetization.
Orthogonal Plot: Plot of direction and intensity of the sample during
demagnetization. The number represents the end of the 
vector of magnetization, defined by relative intensity 
and direction. The plot on the left is the plan-view 
while the plot on the right is the cross-sectional 
view along the designated line.
TP 3 01.A
normalized intensity decay plot stereographic projection
/ ' A'/fAt
South-mouth srcTioM ^~SOoe..
a) AF demagnetization results for specimen TP3.01A from the Ten Peak
pluton.
b) AF demagnetization results for specimen SM2.11A of the Sulphur Mtn.
pluton.
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remain stable.
SITE STABILITY
If enough stable samples were identified from a site (I consider 4 
sufficient for this study), they were then combined giving each unit weight 
and a site mean direction calculated, using Fisher's (1953) method. Two 
important parameters defined by Fisher were used in this study. The 
parameter k is called the precision parameter and determines the dispersion 
of points (directions). If k=0, directions are uniformly distributed, and 
when k is large the points are tightly clustered. The other important 
parameter is the 95% confidence circle (alpha 95), measured in degrees. 
Alpha 95 is the semi-axial angle of a cone, the intersection of which with 
the sphere of projection is the circle of 95% confidence. If the 
distribution is Fisherian (Fisher, 1953), the true mean direction of the 
population lies within the circle with a probability of 95%.
Site means were combined giving each unit weight to produce an 
over-all, or locality mean for an intrusion.
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PALEOMAGNETIC RESULTS
HIDDEN LAKE STOCK
The Hidden Lake stock was sampled at two sites (see figure 3 and 
Appendix 2 for site locations and descriptions), and 32 samples were taken. 
After pilot demagnetization both sites were AF demagnetized and measured at 
the 200 oe and 300 oe levels.
Four samples from each of the 2 sites were thoroughly studied by AF 
demagnetization to gain an understanding of magnetic behavior. Specimens 
HLl.llA and HL2.01A (figures 8 and 9) illustrate the typical behavior 
observed upon AF demagnetization. A minor low coercivity component is 
removed to 100 oe, then between 100 oe and 300 oe a higher coercivity 
component appears to be isolated. The line formed by the removal of this 
component does not pass through the origin of the orthogonal plot, 
signifying that more tl^n one component of magnetization is being removed.
The intensity-decay plots leveled out after 300 oe at which point 20% 
to 30% of the initial intensity remained. The MDF for samples of the 
Hidden Lake stock ranges between 150 oe and 250 oe. Analysis of directions 
plotted on equal-area stereonets showed fair directional stability to 
300 oe.
Comparing results of AF to thermal demagnetization for companion 
specimens from the Hidden Lake stock showed that specimens directionally 
stable to AF demagnetization changed radically with each step during
HLUIA
southSECTlOKf
Z = So oe.
3 " /OO oc.
A---1^0 ot.
5 - zoo ot.
b - Z50 oc.
7 - 300 ot
8 ~ 400 oe.
9 - 600 oc.
Figure 8. Results of AF demagnetization of specimen HLl.llA of the Hidden
Lake stock. For an explanation of format see figure 7.
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5 = zoo 06.
b = Z50 oe. 
7~ ZOO oe.. 
g S 400 06.
9 * 600 oc. 
/o -&00 oe.
// 5 1000 06
1.
Figure 9. Results of AF demagnetization of specimen HL2.01A of the Hidden
Lake stock. For an explanation of format see figure 7.
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thermal demagnetization. Furthermore, intensity dropped off by 50% by 
35^C indicating that most of the NRM resides in grains with low blocking 
temperatures.
Analysis of Results
Site means were calculated (figure 10a,b). Site one showed a streaked
distribution oriented northwest in the northwest hemisphere with a poor
cluster (K=5.5, and alpha95=20 , figure 10a). Site 2 also is streaked
0north-westward though clustering is better (K=19 and alpha95=ll , figure
10b). The streaked nature of the directions may be due, in part, to 
incomplete removal of secondary components.
0 0A mean direction of 0=17 , 1=69 (figure 10c) was calculated, but due 
to the non-Fisherian distribution of directions and the fact that only 2 
sites were sampled no meaningful statistical parameters could be utilized. 
Due to the scatter and streaked nature of the site directions, this cannot 
be interpreted as a reliable paleomagnetic direction. However, the low 
blocking temperature of thermally demagnetized samples and the similarity 
of this mean direction to the recent earth's field direction make it 
possible that the dominant component of the magnetization is a recent VRM.
TEN PEAK PLUTON
Ten sites (109 samples) were sampled in the Ten Peak pluton (see 
figure 4 and and Appendix 2 for site locations and descriptions). Sites 1 
to 7 were collected in conjunction with this study, and 8 through 10 were
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Figure 10. Site and overall mean directions for the Hidden Lake stock,
a&b) directions and site mean for sites 1&2
c) Site mean directions for the Hidden Lake stock; solid
triangle designates site means, while the solid circle
designates overall mean, site means surrounded by circles
of 95% confidence.
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sampled by M. Beck and R. Burmester in 1981. Samples from the Ten Peak 
pluton were step-wise demagnetized at intervals of 50 and lOOoe to a peak 
level of 300 or 400 oe.
Most samples were unstable. Three types of intensity change were 
observed during AF demagnetization:
1) A-type: Intensity of magnetization drops sharply to below 50% of
initial intensity by 100 oe (figure 11a).
2) B-type: Magnetization drops steadily with a 50% intensity loss by
the 200-250 oe demagnetization levels (figure 11b).
3) C-type: Intensity increases and decreases erratically during
demagnetization (figure 11c).
The following is a discussion of these types of magnetic behavior. 
A-type intensity decay
This group contains 29% of the Ten Peak sample population and is 
characterized by a sharp decline in intensity by the 50-100 oe 
demagnetization level (see figure 11a). The MDF for this group of samples 
is between 50 and 150 oe.
Initial intensities of type A samples were the highest of the three 
groups (on the order of 5E-5 emu). Specimen TP4.11A (figure 12) is a 
typical stable-appearing specimen from the group (many samples did not show 
this degree of stability). The intensity decay is sharp, and the 
orthogonal plot shows two similiar components being removed with each AF 
demagnetization step. The sample appears directionally stable to the
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Figure 11. Plot of normalized intensity versus peak alternating field for
the Ten Peak pluton, illustrating typical intensity decay.
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Figure 12. Results of AF demagnetization of specimen TP4.11A of the Ten
Peak pluton. For an explanation of format see figure 7.
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200 oe level.
The rapid intensity loss observed for this group indicates that the 
remanence probably is held by grains with very low coercive force, and 
would be very susceptible to VRM overprints.
B-type intensity decay
This group contains 40% of the AF demagnetized samples from the Ten 
Peak pluton and is characterized by a steady decrease in intensity during 
demagnetization. Figure lib illustrates the steady intensity loss as 
observed in samples of this group. The MDF for this group of samples is 
between 250 and 300 oe. Initial intensities were the lowest of the three 
groups (on the order of 2E-7 - 2E-8 emu). Most samples behaved unstably, 
though many show a linear segment on the orthogonal plot (not necessarily 
trending toward the origin) to the 150 oe level. Specimen TP3.01A (figure 
7a) is one of the samples exhibiting such behavior; the orthogonal plot 
illustrates the stable component to 400 oe, while the stereographic 
projection shows directional stability through 400 oe.
C-type intensity decay
Erratic intensity changes were observed in 31% of the Ten Peak 
samples. Figure 10c illustrates this behavior with intensity decay curves 
for 4 samples. Little sign of stability is seen in this group, although 
again a vaguely stable component is observed in some samples to the 150 oe 
level. Specimen TP1.03A (figure 13) illustrates magnetic behavior observed 
in this group. The orthogonal plot shows a semi-stable component removed
TP r.obA
/ - /J/iM
Z = So oc.
3 “ /OO oe.
Figure 13. Results of AF demagnetization of specimen TP1.03A of the Ten
Peak pluton. For an explanation of format see figure 7.
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to 100 oe; after 100 oe the sample is directionally unstable. Initial 
intensities for this group range from 2E-6 to 2E-7 emu, slightly higher 
than for group B.
Thermal Results
The 24 thermally demagnetized samples of the Ten Peak pluton showed 
unstable magnetic behavior similiar to that observed during AF 
demagnetization. All but one sample lost over 50% (many lost as much as 
90%) of their initial intensity at 355°C. Most of the remanence is 
evidently held by grains with very low blocking temperatures. The one 
sample that behaved differently showed a sudden drop in intensity between 
the 570°C and 600°C thermal steps.
Samples of the Ten Peak pluton behaved less stably to thermal 
demagnetization than to AF. Some samples that were directionally stable 
during AF demagnetization made radical directional changes at each thermal 
step. Exceptions to this were samples TP5.12B and TP4.08B which were 
directionally stable through 570°C and in a AF field of 250 oe. Both 
ploted approximately 0=30°, 1=10°.
Analysis of results
Due to the general lack of stable samples from this group, means were 
not calculated. Instead, a point density contour method was applied to all 
directions at the 50 oe, 100 oe, and 150 oe demagnetization levels to see 
if a concentration tended to form (see figure 14). Methods described by 
Billings (1972) were used to make the contour diagrams. This is not the 
rigorous statistical method described by Van Alistine (1980) and Stupavsky
50oe. \00oe
/50oe
QS-21. ZS\ 3-*1. 4-57. 5-77. 7-107.
Figure 14. Contour diagrams of point density of directions from various
AF demagnetization levels for the Ten Peak pluton. The 0.5-
2.0% means that 0.5-2.0% of all directions in the point density
diagram lie within an area equal to 1.0% of the total area of
the diagram.
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and Symons (1978), though it does clearly show the mode of directions. The 
majority of directions have positive inclinations. The few upward 
directions were inverted and their equivalent downward directions plotted 
at each level. This inversion was based on the assumption that the upward 
magnetizations record reverse magnetic fields of the same age as the normal 
magnetization. If, instead, the upward magnetizations are random, their 
inversion should have no effect on the mean.
A northwest-trending elongate concentration of 7-10% is observed in 
the northern hemisphere at the 50 oe level. The concentration of 7-10% 
enlarges and becomes more circular at the 100 oe level. By 150 oe the 
concentration becomes bimodal, though it is still in the approximate 
location of the 50 oe and 100 oe level. Figure 15 illustrates a comparison 
of the 7-10% contour interval for the three demagnetization levels with the 
present day (last 7000 yr). Quaternary (2 Ma), Tertiary (20 Ma), and 
Cretaceous (80 Ma) expected directions. This figure clearly illustrates 
that the Ten Peak concentrations overlap the present day. Quaternary and 
Tertiary expected directions, admitting the possibility of a secondary 
overprint at one or all of these times. Furthermore, directions observed 
in the Ten Peak do not overlap the expected Cretaceous direction.
SULPHUR MTN. PLUTON
Seven sites were sampled in the Sulphur Mtn. pluton for a total of 
142 samples (see figure 6 and Appendix 2 for site locations and 
descriptions). After results of the AF demagnetization pilot study were 
analysed, a portion of the remaining Sulphur Mtn. samples were step-wise 
demagnetized at 50 oe intervals to a peak field of 200 or 300 oe.
41
N
Expected Paleomagnetic mean direction
I D Reference
A present (last 7,000yr) 1.4 65.6 Irving (1964)
• Quaternary (2Ma) 356.7 59.0 Irving and Irving (1982)
1 Tertiary (20Ma) 357.4 65.0 ri tl
-|- Cretaceous (80Ma) 327.3 73.2 If ft
The trace of the 7-10% concentration levels at:
50oe
'*“■( lOOoe
0
!~\ 150oe
Figure 15. Trace of 7-10% concentrations from contour diagrams, illustrating 
the overlap at the 50oe, lOOoe, and 150oe demagnetization levels 
of the present, Quaternary, and Tertiary expected directions.
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The magnetic behavior observed during AF demagnetization is totally 
unstable. Specimen SM2.11A (see figure 7b) illustrates typical behavior. 
The orthogonal projection and equal-area plot show complete directional 
instability.
Initial intensities are on the order of 5E-7 emu. Intensity losses 
during AF demagnetization are characterized by erratic increases and 
decreases (see figure 16a,b) in intensities at varying levels of 
demagnetization. A minority of samples tended not to lose intensity during 
demagnetization, although erratic directional changes still occurred. This 
type of behavior was observed in the Ten Peak type-C and is similar to 
behavior seen in rocks after strong demagnetization. This may represent a 
state of minimum intensity, representing incomplete randomization of 
magnetic carriers within the sample.
Nine samples were thermally demagnetized and exhibited unstable 
behavior. All nine samples lost over 50% of their initial intensity by the 
355°C thermal step (figure 16c) indicating that blocking temperatures are 
relativly low.
Due to the complete magnetic instability prevailing in the Sulphur 
Mtn. pluton, no attempt was made to calculate a mean or mode of 
directions.
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Figure 16. Plot of normalized intensity versus peak AF (a&b) and thermal (c)
cleaning levels, for the Sulphur Mtn. pluton, illustrating typical
intensity decay.
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OVAL PEAK BATHOLITH
A total of 85 oriented samples was taken from the Oval Peak batholith. 
See figure 4 and Appendix 2 for site locations and descriptions. After the 
pilot samples were measured and the results examined for the Oval Peak 
batholith, the remaining samples were AF demagnetized generally at 25 oe 
intervals to 100 oe, then at 50 or 100 oe intervals to a peak level of 200 
or 300 oe.
Specimens 0P2.12A and 0P4.01A (figures 17 and 18) typify the magnetic 
behavior observed during AF demagnetization. Initial intensities varied 
from 3.0E-4 emu to 8.0E-5 emu. Figure 19 illustrates typical intensity 
losses and shows the sharp decrease in intensity at the 50 oe level that 
many samples experienced. The MDF for 58% of the Oval Peak samples is 
below 50 oe, and virtually all samples lost over 50% of their intensity by 
200 oe. A secondary component of low coercivity is obviously removed 
between NRM and 50 oe while, in general, the magnetization appears 
directionally stable between 50 oe and 200 oe.
Nine samples were thermally demagnetized to define unblocking 
temperatures and to see how thermal results compared with those from AF 
demagnetization. Specimens 0P2.10B and 0P4.03B (figures 20 and 21) 
illustrate typical response to thermal demagnetization observed in the Oval 
Peak batholith. Magnetic behavior is characterized (as in AF 
demagnetization) by a sharp decrease in intensity at the first thermal step 
of 350°C, indicating thermal blocking temperatures to be relatively low.
Figure 22 shows the intensity decay curves of 8 thermally demagnetized 
samples from the Oval Peak batholith. All specimens lost more than 50% of 
initial intensity after heating to 355°C. In general, the specimens lost
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Figure 17. Results of AF demagnetization of specimen OP2.12A of the Oval
Peak batholith. For an explanation of format see figure 7.
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Figure 18. Results of AF demagnetization of specimen OP4.01A of the Oval
Peak batholith. For an explanation of format see figure 7.
/.o 47
0 1 I I i
600
Figure 19. Plot of normalized intensity versus peak alternating field, for 
the Oval Peak batholith, illustrating typical intensity decay.
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Figure 20. Results of thermal demagnetization of specimen 0P2.10B of the
Oval Peak batholith. For an explanation of format see figure 7.
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Figure 21. Results of thermal demagnetization of specimen OP4.03B of the
Oval Peak batholith. For an explanation of format see figure 7.
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Figure 22. Plot of normalized intensity versus peak temperature for the
Oval Peak batholith, illustrating typical intensity decay.
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another 10% of their intensity at the 460°C step. After the 460°C step the 
samples either steadily decreased in intensity to below 10% of their 
initial intensity or behaved erratically (i.e., sharp increase and decrease 
in intensity). The initial decrease in intensity makes the orthogonal 
plots (figures 20,21) misleading and difficult to interpret. The 
magnetization vector endpoints appear to be converging on the origin, 
consistent with one component of magnetization. This, however, is more 
apparent than real, and is a result of the substantial intensity loss in 
the first two steps of thermal demagnetization.
Comparison of AF to thermal results shows that most samples were 
directionally unstable to both demagnetization techniques. The single 
exception was sample 0P2.04. During both thermal and AF demagnetization of 
this sample a single component remained directionally stable through 570°C 
and 400 oe; the direction of this stable component is approximaty D=180°, 
I=-60°. In general, at the 535°C thermal demagnetization step, directions 
are in the northern hemisphere with negative inclinations.
The sharp decrease in intensity at relatively low alternating magnetic 
and thermal fields suggests that the majority of magnetic grains in 
specimens from the Oval Peak batholith have a low coercive force or a short 
relaxation time less (probably much less) than the geologic age of the rock 
(Irving and others, 1961). This rock could very easily have picked up a 
VRM component in its history.
ANALYSIS OF RESULTS
The magnetic measurements for each sample (using AF demagnetization) 
were individually examined and samples were found to range from completely
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unstable to stable. From the 6 sites in the Oval Peak batholith only 62 
samples showed enough magnetic stability to be of use for computing site 
mean directions. Directions within each site were widely scattered, and 
perhaps of two polarities. Upward and downward directions are not 
anti-parallel, suggesting the presence of two seperate components of 
magnetization. Upward and downward directions were plotted at 50 oe, 
100 oe, 150 oe, and 200 oe levels on equal-area stereonets. These plots at 
the 50 oe and 200 oe demagnetization levels are illustrated in figure 23. 
At the 50 oe level a majority of directions are downward, and though 
scattered, tend to concentrate around the direction of the present day 
field direction. By the 200 oe level, the majority of directions have 
changed to upward inclinations; and though the scatter is large, it is not 
random. Figure 23 illustrates the ability of AF demagnetization to 
subtract a VRM overprint of a normal present day direction, leaving an 
upward direction. This upward direction is believed to be geologically 
significant and not a recent VRM or CRM overprint. The validity of this 
upward component is substantiated by thermal demagnetization results. At 
the 535°C thermal demagnetization level a majority of the directions are 
also non-random and upward.
Concordant results from biotite and hornblende indicate a K/Ar age of 
47+-1.5 Ma for the Oval Peak batholith (preliminary results by personnel 
communication, J. A. Vance, 1983). This should closely approximate, if 
not the age of the rock itself, the age of the remanent magnetization. The 
persistent upward direction derived after AF and thermal cleaning argues 
strongly for its validity as a geologically significant paleomagnetic 
direction for the Oval Peak batholith.
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Figure 23. Upward and downward directions plotted seperately for all
directions at the SOoe and 200oe cleaning levels, for the
Oval Peak batholith.
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Sites 1, 2, 3, and 6 contain a majority of upward directions after 
magnetic cleaning. These upward directions were combined for each site to 
calculate site mean directions (table 1); site mean directions were 
calculated from downward directions for sites 4 and 5 (table 1). Two mean 
directions were computed, one for the upward sites and the other for the 2 
downward site means (table 1, figure 24). The clustering in these 
calculations is poor see table 1.
INTERPRETATION
The normal mean direction calculated from sites 4 and 5 in the Oval 
Peak batholith lies approximately in the direction of the present day 
field. An underlying upward component may still exist in these samples, 
but it was not revealed during magnetic cleaning. The normal direction is 
indistinguishable from the present day or recent field directions and, 
given its low stability, is probably a VRM overprint.
The upward direction for the Oval Peak batholith is quite different 
than the expected Eocene direction of 0=167°, I=-68° (inverted from the 
normal direction calculated from the paleopole of Diehl and others, 1980, 
figure 25). This discordance is difficult to explain. Taken alone, the 
Oval Peak direction might be considered unreliable; in view of the general 
instability of most Oval Peak specimens, and the large within site scatter. 
However, paleomagnetic directions from other rocks within the same general 
area, bounded on the west by the Entiat fault and to the east by the Ross 
Lake fault zone (figure 26), show this same aberrant direction. Agreement 
over a broad area, and broad range of rock types suggest that the results 
from the Oval Peak are not a fluke. Results of other studies done in the
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TABLE 1. Paleomagnetic data for the six sites of the Oval Peak 
Batholith.
Site D I “95 A k R N Nc
1 295.4 -66.1 25.04 25.26 10.29 4.61 5 12
2 26.0 -87.4 24.6 35.08 5.34 7.5 9 12
3 31.0 -82.4 29.31 53.11 7.33 3.28 5 12
4 352.9 55.7 10.87 22.92 12.50 14.8 16 18
5 23.44 63.4 61.43 55.34 2.14 3.67 6 12
6 294.6 -60.0 42.83 47.27 7.94 4.96 7 19
OP/R 307.8 -76.4 18.97 16.40 24.42 3.88
OP/N 7.0 60.3
0, I are declination and inclination of site mean direction, respec­
tively; a95 is semiangle of cone of 95% confidence; A is the angular
standard deviation; k is best estimate of precision parameter; R is 
resultant of N unit vectors; N is number of stable samples; Nc is the 
number of samples collected at the site. OP/R is mean of upward site 
means; OP/N is mean of downward site means.
N
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Figure 24. Site and overall mean directions from the Oval Peak batholith;
A designates upward directed site means; LH designates overall 
mean computed from upward site means, surrounded by its 95% con­
fidence circle; A desingates downward directed site means; Bi 
designates overall mean computed from downward site means.
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Figure 25. Divergence of the paleomagnetic direction of the Oval Peak 
batholith (OP) and the expected Eocene direction (EE) (in­
verted from the normal direction calculated from the paleo- 
pole of Diehl and others, 1980).
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Figure 26. Location map, showing the geographic locations of the Black 
Peak and Oval Peak batholiths and Corbaley Canyon area. The 
bold rectangle is the outline of the panel containing the 
three units.
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area are summarized below.
Stauss (1982) studied the paleomagnetism of Eocene dikes in the 
Corbaley Canyon area 100 km south of the Oval Peak batholith (figure 26). 
The paleomagnetic mean direction calculated from 7 sites with upward 
magnetizations is 0=281° and I=-77°. As shown in (figure 27) this is not 
significantly different from the Oval Peak direction at the 95% confidence 
level.
Strickler (1982) studied the paleomagnetism of the Late Cretaceous 
Black Peak batholith (figure 26) 5 km north of the Oval Peak batholith and 
calculated a paleomagnetic direction for the unit of 0=171°, and 1=79°. 
When this Black Peak direction is inverted, it too is not significantly 
different from the Oval Peak direction.
Stauss (1982), in an attempt to resolve the problem of the discordant 
direction for the Corbaley Canyon area, reviewed six possible solutions, 
which include: (1) rotation, (2) folding, (3) inadequate sampling of the 
dipole field, (4) a secondary CRM not fully removed during magnetic 
cleaning, (5) magnetic noise, and (6) anisotropy. Strickler (1982), faced 
with a similar problem, proposed possible solutions for the discordant 
Black Peak direction that include: (1) inadequate sampling of the dipole 
field, (2) bias by a VRM overprint parallel to the present day field, (3) 
non-axial behavior of the geomagnetic field, (4) remanent magnetizations 
not Cretaceous in age, (5) rotation, and (6) tilt.
While Strickler proposed that the remanent magnetization for the Black 
Peak batholith may not be Cretaceous in age, he felt this was a poor 
solution to the problem of discordance, as it only served to increase 
divergence. However, it appears possible that the remanent magnetization
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N65E
tilt axis
Figure 27. Similarity of mean directions for the Oval Peak (OP),
Corbaley Canyon area (CC), and Black Peak batholith (BP) 
(inverted from the normal direction computed by Strickler, 
1982) and divergence from the expected Eocene direction (EE). 
The axis for a tilt solution is shown along with the N45W 
structural trend of the North Cascades.
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for the Black Peak batholith may be much younger than Cretaceous. K/Ar 
analysis of hornblende and biotite from the Black Peak batholith has 
yielded ages of 88.4 Ma and 73 Ma respectivly (Misch, 1964), and 103Ma from 
a K/Ar analysis of hornblende (Whitney, 1975). The discordance in ages may 
be an effect of partial thermal resetting of the isotopic systems. Misch 
(1966) shows that the Black Peak batholith has been intruded and 
extensively diked by rocks of the Eocene Golden Horn batholith (figure 26). 
This could be the heat source causing resetting and thus the discordance in 
age dates; it also could have reset magnetic remanence during the Eocene. 
Another line of evidence suggesting resetting of the magnetization since 
the Cretaceous is the existence of reverse directions for the Black Peak 
batholith. There is only a very narrow time band within the Late 
Cretaceous (80-82 Ma; Palmer, 1983) in which the dipole field was reverse. 
If the reverse magnetization was not acquired during this time, it must 
have been reset later (or be much earlier, in conflict with the radiometric 
age).
Both Strickler and Stauss reviewed the possibilities (p. 59) in 
detail. Strickler excluded all solutions but tilt: he proposed that tilt 
could adequately explain the discordance of direction observed in the Black 
Peak batholith. Stauss excluded all solutions, yet noted that tilt and/or 
rotation could account for discordance, although without paleohorizontal 
indicators or geologic evidence supporting such solutions, neither was 
adequate.
The Oval Peak batholith, the Black Peak batholith, and the Corbaley 
Canyon area all show similar directions which are markedly different from 
the Eocene expected direction, or in fact, from any known Phanerozoic axial
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dipole field direction. These 3 units lie within a panel of rock bordered 
on the west by the Entiat fault and on the east by the Ross Lake fault 
zone. Several tectonic processes could account for the discordant 
direction indicated by this panel of rock. The panel, for the purposes of 
this discussion, is described as a rectangular block approximately 130km 
long and 40km wide, oriented roughly N35W (figure 26).
Magnetizations in the panel are discordant in declination, but 
observed inclinations are not significantly different. All three units are 
intrusive and lack a paleohorizontial indicator. An established 
paleohorizontal is important in distinguishing between tilt or rotation as 
a tectonic model explaining discordance. "Tilt" is used here to describe 
movement about a horizontal axis, where as "rotation" describes movement 
about a vertical axis. All that can be said is that a single or the sum of 
multiple rotations and/or tilts must acccount for the discrepency between 
observed and expected directions. The only means of selecting between tilt 
or rotation models (or the various combinations of tilt or rotation) are 
geologic constraints, and logic.
The following are simple models, their geologic evidence and implied 
consequences.
Wholesale Rotation
Because inclinations within the 3 units are not significantly 
different from the expected Eocene inclination, rotation of the panel 142° 
clockwise (or 218° counterclockwise) about a vertical axis could account 
for the observed discordance. However, the post-Eocene geology of 
neighboring terranes excludes any such possibility; tectonic activity must
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have been confined to the panel of rock containing the discordant bodies. 
This tectonic activity could have consisted of rotations of several sorts.
Block Rotation
Rotation of small blocks about a vertical axis by roughly the same 
amount could produce the observed discordance. Only clockwise rotation 
will be considered here because of its prevalence in west-coast tectonic 
activity. In this model the panel consists of rigid fault-bound blocks, 
each of which rotated like ball-bearings in response to dextral shear along 
the bounding faults (figure 28). For this model to work, both the Entiat 
and Ross Lake faults must have experienced dextral shear, with the western 
block (rock west of the Entiat fault) moving northwest with respect to the 
eastern block (rock east of the Ross Lake fault zone).
To substantiate a ball-bearing rotation within the panel, the 
following are required; (1) right-lateral strike-slip movement on the 
Entiat fault and Ross Lake fault zone, (2) cross-faults within the panel, 
and (3) a similiar amount of rotation must have occurred over the entire 
panel.
There is little documented evidence for strike-slip movement on the 
Entiat fault, though Gresens (1982) contends that certain geologic features 
suggest that strike-slip movement has occurred. Features which suggest 
strike-slip movement are the linearity of the fault and the failure of two 
geologic units to appear east of the fault. While there may have been 
right-lateral strike-slip movement on the Entiat fault, there is not as yet 
enough evidence to say for sure. The Ross Lake fault zone has little
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Figure 28. Cartoon illustrating clockwise rotation of rigid crustal 
blocks in a northwestward trending right-lateral shear 
zone. Arrows at bottom of figure represent relative velocity 
of blocks. Modified from Beck, 1976.
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evidence of strike-slip movement, though its great lateral extent and 
northwest orientation suggest strike-slip movement, similar to the 
neighboring Straight Creek fault.
If block rotation occurred within the panel, left-lateral strike-slip 
faults, perpendicular to the boundary faults should exist. As of yet, 
there is no geologic evidence for these faults.
The model for ball-bearing type rotation seems applicable to the 
panel, though more geologic support, in the form of evidence of strike-slip 
movement on the boundary faults and the presence of left-lateral 
cross-faults within the panel, are needed to establish this hypothesis.
Wholesale Tilt
A model involving wholesale tilt could also be applied to the panel. 
Thirty two degrees of tilt, down to the northwest about a horizontal axis 
oriented N65E (figure 27) would account for the observed discordance of the 
panel. A tilt of this magnitude would mean that the southern portion of 
the panel was at a depth of 70 km before tilt began. Rocks are not 
magnetic at the temperatures associated with such a depth. Wholesale tilt, 
therefore, is not a logical solution to the problem.
Block Tilting
If the panel were broken up into blocks with normal fault boundaries, 
and if all the blocks tilted down to the northwest by nearly the same 
amount, the observed discordance could be explained. Furthermore, if tilt 
was accommodated by block faulting, the resultant structural relief would 
be greatly reduced, thus making block faulting a more plausible mechanism
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than wholesale tilt. Figure 29 presents a model for block faulting in a 
pull-apart basin, after Greenhaus and Cox (1979). As shown the two faults 
must overlap; the amount of overlap defines the length of the area that 
will experience extension. If this type of process occurred between the 
Entiat fault and Ross Lake fault zone, block faults may have formed in 
response to the extension (lower, figure 29). However, as mentioned above 
there is, no geologic evidence for consistent cross-faults within the 
panel.
Another problem with tilt is the orientation N65E of the horizontal 
axis. One might expect any substantial tilt to be about an axis 
paralleling the regional structural trend. However, in the North Cascades 
the regional structural trend is approximately N45W, roughly 100° from the 
northeast-trending axis required to correct for discourdance observed 
within the panel (figure 27).
CONCLUSION
Both tilt and rotation will accommodate the observed discordance 
within the panel. With the lack of a paleohorizontal-indicator, it is 
impossible to choose between the two. Wholesale rotation is not possible 
due to the undisrupted post-Eocene geology of the neighboring terranes. 
Wholesale tilt is not a logical solution to the problem due to the enormous 
amount of structural relief required. A more logical explanation is that 
individual blocks have rotated clockwise or have undergone large tilts down 
to the northwest. Geologic boundaries between these blocks have yet to be 
recognized; also, proof is lacking of strike-slip movement along the 
Entiat and Ross Lake fault.
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a
Initial crustal extention 
between boundary faults.
Normal faults form perpendicular to 
boundary faults in responce to crustal 
extension.
a) A mechanism creating extention between right-lateral boundary
faults. Modified from Greenhaus and Cox, 1979.
b b) Map-view and cross-sectional
view of listeric block-faulting
applied to the panel between
the Entiat fault and Ross Lake
fault zone.
Figure 29. A mechanism for creating extention (a), and a map-view
and cross-sectional view showing listeric block-faulting (b).
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Realistically, it is unlikely that the proposed deformation would have 
been either pure block rotation or pure tilt. To expect the rotation axes 
of the rock ball-bearings to remain vertical through 142° of rotation seems 
unreasonable. To expect listric faulting, in a zone of extension between 
two strike-slip faults, to tilt blocks 32° with no rotation of the blocks 
is similarly unreasonable. A realistic solution probably should involve 
components of both rotation and tilt. More detailed geologic work must be 
done within the panel, and along the boundary faults, before a specific 
model can be presented which would account for the discordance observed 
within this panel. More paleomagnetic and geochronologic work is required 
to determine the timing and regional variation of rotations.
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DISCUSSION OF STABLE and UNSTABLE MAGNETIC BEHAVIOR
In the following section the nature of magnetic stability is discussed 
in terms of multi-domain (MD) and single-domain (SD) magnetic grains. It 
has been shown that in general a SD grain is characterized by high 
coercivities and intense, stable remanence, whereas MD grains, because of 
the relative ease with which domain walls move, have lower coercivities and 
weaker remanence (Day, 1977). Experimental procedures, to be described, 
were used to distinguish between MD and SD magnetic carriers for the rocks 
of this study, and for magnetically stable rocks of the Mt. Stuart 
batholith and the Fawn Peak stock. The rocks also were studied in polished 
thin-section by reflected and transmitted light, on a petrographic 
microscope.
Magnetic Domains and their Relationship to Magnetic Stability
The MDF for all samples measured for this study using AF and thermal 
demagnetization is below a few hundred oersted in the case of AF and 355 C 
during thermal. This is consistent with remanence carried by magnetite or 
a member of the titanomagnetite solid solution series (Nagata, 1967). In 
the discussion below magnetite will be the mineral considered.
A single grain of magnetite may be subdivided into magnetic domains; 
the boundaries between these domains are termed domain walls. The number 
of domains present in a grain depend primarily on the size and shape of the 
particle. Small grains, consisting of only one domain, are termed 
single-domain (SD) grains; these have a maximum grain size of approximetly
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0.03 to 0.05 microns for spherical grains (Dunlop,1973). Grains ranging 
from approximetly 0.05 microns to 15-20 microns are said to be within the 
pseudo single-domain (PSD) range (Parry, 1965) ; these contain several 
magnetic domains. Grains larger than 15-20 microns may contain many 
magnetic domains and are termed MD grains. PSD grains are not well 
understood but tend to behave similiarly to SD grains and will be 
considered as such for this discussion. In general, magnetization is 
acquired, or altered within magnetic grains, by the rotation of magnetic 
moments in single domains, or by the motion of domain walls past energy 
barriers in multi-domains. For a more complete discussion of the complex 
theories describing SD and MD magnetic carriers see Neel (1955), Nagata 
(1961), Stacey (1963), and Stacey and Banerjee (1974).
Doubt has been expressed by Neel (1955) and Stacey (1963) as to the 
importance of single domain magnetite in paleomagnetism. Theoretically, 
spherical magnetite grains of SD size would be superparamagnetic at room 
temperature (i.e. the remanent magnetic moment of a large number of grains 
would die away quickly upon removal of the applied field, as moments of 
individual grains became randomized by thermal energy, McElhinny, 1973). 
For this reason Neel (1955) and Stacey (1963) used MD theory to describe 
magnetic properties of magnetite bearing rocks.
Nevertheless, there is now considerable evidence that single domain 
grains of magnetite occur, and may be the principal carrier of stable 
remanence (Evans and McElhinny, 1969; Hargraves and Young, 1969; 
Strangeway, 1961; Strangeway and others, 1968; and Dunlop, 1968). Evans 
and McElhinny (1969) have shown that the critical size for magnetite may be 
as large as 0.3 microns if the particles are highly elongate. Dunlop 
(1968) experimentally verified Neel's theory on SD grains. He compared
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synthetically made samples containing SO magnetite with basalts showing SD 
characteristics. Both samples and basalt behaved similiarly and their 
behavior could be described by Neel's theory. Dunlop concluded that SD 
grains or SD-like regions within larger grains are the carriers of the 
magnetically stable remanence in some rocks.
SD grains are presently believed to occur in two possible modes; as 
intergrowths within larger magnetic grains and as dispersed magnetite 
powder.
INTERGROWTHS; Strangeway and others (1968) attribute high stability found 
in volcanic rocks to auto-oxidation of existing titanomagnetite grains. 
They suggested that ilmenite lamellae on (111) planes of the host magnetite 
effectively subdivide the large grains into magnetically independent 
smaller grains whose shape anisotropy gives rise to high coercivites. 
Davis and Evans (1976) experimentally oxidized a sample of Tertiary basalt 
containing homogeneous titanomagnetites. They found that 
magnetite/ilmenite intergrowths had formed and studied these under an 
electron microscope. The grains were shown to contain SD magnetite with 
uniaxial shape anisotropy. Prolonged cooling or deuteric alteration of 
Plutonic rocks, however, may allow exsolution to proceed beyond effective 
subdivision of magnetite by ilmenite lamellae to produce discrete ilmenite 
or sphene grains from the exsolved titanium.
DISTRIBUTION OF ISOLATED PARTICLES: Strangeway (1961) isolated two 
discreet magnetic phases in a diabase dike from the Precambrian Canadian 
Shield. One component of magnetic remanence he attributed to 
magnetite-ilmenite intergrowths. The other phase, which he believes holds 
the stable remanence, occurs as magnetite in the form of discrete grains
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less than 1.0 micron in size. He suggested that this discrete magnetite 
formed by the reaction of the pyroxene and olivine with late stage 
hydrothermal Fe-rich solutions. Hargraves and Young (1969) found that the 
stable remanence of the Triassic Lambertville diabase was held primarily in 
the plagioclase. The plagioclase (An50) is 61.0 Wt% of the rock. The 
plagioclase was separated from the rock and measurement of the Curie-point 
and saturation moment indicated the presence of about 0.3% Fe ion and 
0.004% pure magnetite as a discrete phase. The magnetite, which could not 
be identified microscopically or with an electron probe, shows SO 
character!sties.
Evans and McElhinny (1969), in paleomagnetic studies of the Modipe 
gabbro of southern Africa, found high-stability remanence in SD grains 
within pyroxene. They suggest that similiar observations are rather rare 
due to the minute size and very small total quantity of magnetite necessary 
to account for typical TRM's in igneous rocks.
Most igneous rocks contain magnetite which is visible in polished 
sections, though as previously mentioned these grains may not be 
responsible for stable remanence within the rock. One may assume that, in 
a igneous rock, if magnetite exists in a distribution of grain sizes at the 
optical level, that there would also be a percentage of SD grains below the 
optical level.
The rocks of this study showed low coercivity and unstable remanence. 
It appears likely therefore, that the remanence held by MD grains dominates 
their NRM. The contribution of any SD grains, that may exist at the fine 
end of the grain size distribution is overwhelmed by the minimum intensity 
contribution of demagnetized MD grains in most cases.
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DETERMINATION of EFFECTIVE DOMAIN SIZE
If it can be shown that MD grains hold the bulk of magnetic remanence 
for the rocks of this study, then the general instability found in these 
rocks may be attributed to magnetic grains being MD in size.
Lowrie and Fuller (1971) have devised a test to distinguish between 
multi-domain and single-domain remanence. Their test involves looking at 
the AF demagnetization characteristics of the rock. The most practical 
version of the test involves the comparison of NRM with an artificially 
induced saturation IRM.
Lowrie and Fuller (1971) contend that saturation IRM is an equivalent 
to strong-field TRM, and that comparison of the AF demagnetization 
characteristics of IRM and NRM will demonstrate SD or MD remanence.
Their results show that:
1) for single domain carriers, stability of TRM increases with
decreasing field strength, so the saturation IRM is relatively less stable 
than the weak-field TRM.
2) for multi domain carriers, stability of TRM decreases with
decreasing field strength, so the saturation IRM is relatively more stable 
than the weak field TRM.
It follows that if the normalized demagnetization curve for the NRM 
lies below the curve of the IRM (NRM less stable then IRM), the NRM is 
carried predominantly by MD grains, whereas if the NRM curve is above the 
IRM curve (NRM more stable then IRM) most of the remanence is carried by
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single domain grains.
Lowrie and Fuller (1971) applied the test to a granodiorite containing 
large magnetite grains (up to 0.3 mm in diameter). The test showed single 
domain grains carried the remanence. Microscopic examination and magnetite 
crystal seperation experiments confirmed the presence of fine grained 
single-domain magnetite.
Day (1977) contended that the physical basis for the "Lowrie-Fuller" 
test is not clear, and that there is some doubt as to what information the 
test yields. It seems though, that the problem is whether the test 
discerns the transition from SD to PSD or PSD to MD behavior.
The "Lowrie-Fuller" test was run on a sample from each intrusive unit 
in this study, and from the magnetically stable Mt. Stuart batholith and 
Fawn Peak stock. The results of this test are shown in figures 30 and 31. 
The samples from the Hidden Lake stock. Oval Peak batholith and Ten Peak 
and Sulphur Mtn. plutons (HLl.llA, 0P2.12A, TP4.11A, and SM6.11A), all
showed that MD grains held the remanence. Samples MSI.OIA and MG37.01A 
from the Mt. Stuart batholith and Fawn Peak stock respectively showed SD 
grains held the remanence. These results indicate that the magnetic 
instability in the rocks of this study may be due to their magnetic 
remanence being dominated by multi-domain grains.
PETROGRAPHIC STUDY
Samples from the Hidden Lake stock. Oval Peak batholith, and the Ten 
Peak and Sulphur Mtn. plutons were studied in polished thin-section by 
transmitted and reflected light. A group of rock samples from magnetically
Oe.
Plot of normalized intensity versus magnetic cleaning level
for NRM and saturation IRM. MS - Mt. Stuart, HL - Hidden
Lake, OP - Oval Peak.
Figure 30.
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Figure 31. Plot of normalized intensity versus magnetic cleaning level
for NRM and saturation IRM. MG - Fawn Peak, TP - Ten Peak,
SM - Sulphur MTn.
77
stable sites in the Mt. Stuart batholith (Beck and Noson,1972; Beck and 
others, 1981a), Fawn Peak stock (C. Schwarz, work in progress), and 
Chilliwack batholith (Beck and others, 1982) also were studied. This 
portion of the study was undertaken to see if differences in petrology on 
the optical level could be discerned between the unstable rocks of this 
study and the stable rocks from Mt, Stuart batholith. Fawn Peak stock, and 
Chilliwack batholith.
Petrology of Unstable Sites
The samples from the Hidden Lake stock. Oval Peak batholith, and Ten 
Peak and Sulphur Mtn. plutons show some very similiar characteristics. 
All four units have undergone various amounts of deformational strain, as 
shown by undulatory extinction and recrystal 1ization along grain boundaries 
in quartz. Plagioclase grains in these samples show moderate to intense 
alteration. Muscovite and sericite occur along fractures and as replacment 
in the central portion of plagioclase grains. The plagioclase ranges from 
An30 to An50. Epidote occurs abundantly (up to Z%) in many of these 
samples and is probably deuteric in origin.
By far the most common opaque observed is magnetite. Its grain size 
varies from 0.03 mm to 0.05 mm in diameter, and grains vary in shape from 
equidimensional to rod-like. The magnetite appears to occur exclusivly in 
hornblende and biotite.
In general these rocks show moderate alteration and minor 
deformational strain. A minor gneissic foliation was observed at many of 
the sites but was not recognized in thin-section.
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Petrology of Stable Sites
Samples from the Mt. Stuart batholith are generally medimum grained 
(1.0-3.0 mm in dia.). There is little evidence of strain in quartz grains 
and no evidence of recrystallization. The plagioclase is An30-An40 and has 
minor sericitization along fractures; small amounts of epidote occur as 
replacement within grains. Minor amounts of sphene occur as an accessory 
mineral. The primary opaque mineral observed is magnetite, though minor 
amounts of ilmenite and pyrite are present. Very tiny (app. 0.05 mm) 
rod-like and equant grains of magnetite exist in plagioclase. In general, 
large equant and rod-like grains of magnetite occur in hornblende and 
biotite and equant grains vary in size from 0.1 to 0.5 mm in diameter.
The samples from the Chilliwack batholith are fine to medimum grained 
(0.5-1.0 mm). The quartz is primarily clear though some minor undulatory 
extinction was observed. The plagioclase is An50 to An60 and shows minor 
to almost complete alteration to sericite along fractures and in the center 
of grains. The opaques observed were primarily magnetite, which occur in 
large grains up to 0.5 mm in diameter in hornblende and biotite. Magnetite 
also appears in plagioclase as very tiny grains (app. 0.05 mm). The rock 
of the Fawn Peak stock is fine grained (grain dia. 0.1 to 0.3 mm). The 
plagioclase makes up 80% of the rock and is moderately to intensely altered 
to sericite. The quartz is cloudy though not apparently strained. The 
most distinguishing petrographic feature noticed in these rocks is the 
abundance of opaques (magnetite and pyrite); opaques make up approximately 
1% of the rock and range in size from 0.05 to 1.0 mm in diameter.
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Summary of Petrographic Observations
A petrographic comparison of magnetically unstable rocks from the 
Hidden Lake stock. Oval Peak batholith, and the Ten Peak and Sulphur Mtn. 
plutons with magnetically stable rocks from the Fawn Peak stock and the Mt. 
Stuart and Chilliwack batholith shows the former to have undergone greater 
deformation, as indicated by strain and recrystallization of quartz grains. 
This group also shows greater alteration, as seen in the moderate to 
intense alteration of plagioclase to epidote, muscovite, and sericite. In 
contrast the magnetically stable rocks are generally less altered and 
strained, though the most significant difference may be the presence of 
rod-like and equant magnetite inclusions in plagioclase. Hargraves and 
Young (1969) found the stable remanence of the Lambertville diabase to 
reside in the plagioclase (An50). This may be the case with the Mt. 
Stuart and Chilliwack batholith though experiments would have to be 
undertaken in which the plagioclase is seperated from the whole rock and 
its magnetic properties measured.
In regard to the unstable rocks of this study, no magnetite was 
observed within the altered plagioclase. If it is accepted that the stable 
remanence in granitic rocks resides in tiny magnetic grains residing in 
plagioclase, then there are two evident possibilities in regards to the 
instability of these rocks; 1) magnetite may have formed within the 
plagioclase by exsolution during cooling and subsequently been removed, 
possibly by alteration, or 2) cooling conditions and initial magmatic 
compositions may have been such that no magnetite exsolved in the 
plagioclase during cooling. To test these possibilities would require 
in-depth petrographic and x-ray analysis.
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The deformation and recrystallization of quartz indicate that the 
unstable rocks have been subjected to stress in their respective geologic 
histories. Stott and Stacey (1960) have shown that stress may aid a rock 
in acquiring a type of VRM, termed "stress-aided viscous magnetization". 
All the rocks of this study showed a VRM overprint which is stable to 
approximately lOOoe. The VRM direction is similiar to the present dipole 
field direction, which has been fairly constant over the last 20My (figure 
15). Stress may have aided VRM-acquisition.
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SUMMARY
Stepwise AF and thermal demagnetization of rocks from the Sulphur Mtn. 
pluton revealed that the majority have very weak initial intensities and 
were completely unstable magnetically. The rocks of the Hidden Lake stock 
and Ten Peak pluton show low magnetic coercivities, multicomponent 
magnetization, and general instability. One component of magnetization 
found in these rocks is directed approximately D=0°, 1=60° and is believed 
to be a VRM overprint parallel to a recent field direction. The Oval Peak 
batholith also shows signs of magnetic instability and multicomponent 
magnetization, but does seem to retain a consistent remanent magnetization 
with a mean direction of 0=308°, I=-76°. Preliminary K/Ar dates on biotite 
and hornblende from the Oval Peak batholith are concordant at 47 Ma. 
Although on geological grounds this is probably not the age of the 
batholith, it may be close to the age of remanent magnetization. The mean 
magnetic direction found for the Oval Peak batholith is markedly different 
from the expected Eocene direction, yet is very similiar to observed 
directions for the Late Cretaceous Black Peak batholith and Eocene dikes in 
the Corbaley Canyon area. The magnetization of the Black Peak batholith is 
now thought to have been reset during the Eocene when it was intruded by 
the Golden Horn batholith. These three units are within a panel of rock 
bounded on the west by the Entiat fault and on the East by the Ross Lake 
fault zone. The highly discordant direction, if representative of the 
panel as a whole, presents problems for any proposed explanation. Tectonic 
models of tilt down to the northwest of 30° about a horizontal axis 
oriented N65W, or clockwise rotation of 145° about a vertical axis would
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account for the observed discordance.
Four tectonic models to account for the observed discordance are 
discussed: wholesale tilt, block tilting, wholesale rotation, and block 
rotation. Models involving displacement of the entire panel as a rigid 
block are not persuasive; wholesale tilt requires an unreasonable amount 
of structural relief, and wholesale rotation cannot be accommodated by the 
existing geology. The only reasonable explanation is that any tectonic 
activity must have occurred within the panel. Both tilting and rotation of 
small blocks are possible. Individual blocks may have rotated ball-bearing 
fashion in response to dextral shear between the Entiat fault and Ross Lake 
fault zone, or normal faults may have formed in response to extension 
between the overlapping ends of the two faults. Geologic evidence in 
support of either model is lacking. Only more geologic mapping and 
paleomagnetic study are likely to resolve this enigma.
Petrographic and rock magnetic studies were used to examine the 
magnetic instability of the units sampled. The petrology and magnetic 
characteristics of rocks from this study were compared to those of 
magnetically stable intrusive rocks of the Mt. Stuart and Chilliwack 
batholiths and Fawn Peak stock.
Comparison of NRM with saturation IRM, for magnetically stable and 
unstable samples, indicates that the magnetization of the unstable samples 
is probably dominated by multi-domain magnetic grains, whereas the 
magnetically stable samples show single-domain magnetic behavior.
Tiny grains of magnetite are seen to exist in the plagioclase of the 
magnetically stable rocks whereas none appears to exist in the magnetically 
unstable rocks. These tiny magnetite grains may be responsible for
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magnetic stability in the stable rocks. Lack of similiar magnetite in the 
plagioclase of the unstable rocks may explain why they are magnetically 
unstable. Initial magmatic compositions, cooling conditions, or subsequent 
alteration of plagioclase may be considereded as possibilities explaining 
the lack of magnetite.
Petrographic studies indicated that the magnetically unstable rocks of 
this study were more altered and strained than the magnetically stable 
rocks from the Mt. Stuart and Chilliwack batholiths and Fawn Peak stock. 
Beside the former group being magnetically unstable, they show a persistent 
VRM overprint stable to about lOOoe and parallel to the present day field. 
Stott and Stacey (1960) have shown that stress may aid a rock in acquiring 
a VRM. It is not known when these rocks experienced deformation in their 
history. However, as the field direction has changed little since the 
Mid-Tertiary, it appears possible that stress may have been an aid to these 
rocks acquiring a viscous overprint parallel to a recent field.
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APPENDIX 1
Sampling Methods and Laboratory Equipment used to Measure and Demagnetize 
Samples
Cores were drilled in the field and oriented insitu. A modified Echo 
chainsaw engine coupled withh a water cooled non-magnetic diamond drill bit 
was used to drill the cores. A sun compass was utilized to check magnetic 
orientations, when conditions permitted.
A cryogenic and spinner magnetometer were used to measure samples 
during the course of this study. Pilot studies were done on the Cryogenic 
magnetometer. Further measurment on sites containing samples with 
intensities greater then about lE-5 emu/cc were made on a Spinner 
magnetometer, while sites with weaker intensities were measured on a 
cryogenic magnetometer. The cryogenic magnetometer was located in Redmond, 
Washington and its avilibility was kindly provided by Sierra Geophysics. 
The spinner magnetometer located at Western Washington University is a 
Schoenstedt SSM-IA with output digitized and processed by a Cromemco 
microcomputer.
Alternating field (AF) demagnetization was conducted on Schoenstedt 
GSD-5 tumbling-specimen demagnetizers at both Sierra Geophysics and Western 
Washington University. Thermal demagnetization of samples was conducted in 
an open-air oven at Sierra Geophysical. The separately shielded 
instruments at Sierra Geophysics were all enclosed in a magnetically 
shielded room to retard remagnetization of specimens between 
demagnetization and measurement.
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APPENDIX 2. Site Descriptions and Locations
HIDDEN LAKE STOCK (Figure 1)
Site 1—Location-200 m north of Hidden Lake Lookout. Glacially
polished bedrock, biotite-rich quartz diorite, vertically 
jointed N50E.
Site 2—Location-at bottom of vertical wall of rock, below ridge.
Homogeneous biotite-rich quartz diorite, minor quartz veins.
OVAL PEAK BATHOLITH (Figures 2 & 3)
Site 1--Location-on east side of Oval Peak. Faintly foliated 
quartz diorite.
Site 2—Located-on ridge top, faintly foliated, highly fractured 
and jointed quartz diorite.
Site 3—Located-SW of Middle Oval Lake. Glacially polished homo­
geneous quartz diorite.
Site 4—Location-on southern edge of Bernice Lake. Glacially polished 
quartz diorite, slight foliation in samples 1 to 3.
Site 5—Location-SW end of Snoshoe Ridge, in a glacially polished 
cirque. Quartz diorite with several basaltic dikes.
Site 6—Location-on ridge crest. Slightly foliated, highly weathered, 
fractured and jointed. Samples taken very near geologic con­
tact with Skagit gneiss.
TEN PEAK PLUTON (Figures 4, 5, & 6)
Site 1—Location-large flat-lying outcrop below ridge crest. Foliated 
hornblendic quartz diorite, criss-crossed with quartz veins.
Site 2—Location-flat-lying glacially polished bedrock. Quartz diorite 
crossed with dikes of aplite and pegmatite.
Site 3—Location-north end of small lake, glacially polished bedrock. 
Quartz diorite with minor foliation.
Site 4—Location-on ridge crest. Hornblendic quartz diorite with 
abundant pegmatite dikes and cumulates of hornblende.
Site 5—Location-exposed platform of bedrock below ridge. Foliated 
quartz diorite with minor amount of thin cross-cutting veins 
of quartz.
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Site 6—Location-NW side of Airplain Lake. Homogeneous quartz diorite.
Site 7—Location-near ridge crest. Slightly to strongly foliated
quartz diorite, with abundant biotite-rich zenoliths elongated 
with foliation.
Sites 8, 9, and 10—Sampled by M. Beck and R. Burmester in 1981. The 
lithology of these sites is a homogeneous quartz-diorite.
SURPHUR MOUNTAIN PLUTON (Figures 7 & 8)
Site 2—Location-on ridge crest. Orthogneissic quartz diorite, cut 
with abundant veins of quartz.
Site 3—Location-flat-lying platform of bedrock. Homogeneous quartz 
diorite cut with thin quartz veins.
Site 4—Location-below saddle in ridge. Slightly foliated quartz 
diorite, heavily cross-cut with late stage aplitic dikes.
Site 5—Location-long vertical wall of bedrock. Slight to no foliation 
in quartz diorite with large hornblende laths up to 4 cm long.
Site 6—Location-below ridge peak. Slightly foliated quartz diorite 
crossed with aplitic dikes.
Site 7—Location-on ridge crest. Slightly foliated pyroxene, hornblende- 
rich quartz diorite.
Site 8—Location-in glacially polished cirque basin. Coarse-grained, 
slightly foliated feldspar, pyroxene and hornblende-rich 
quartz diorite.
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APPENDIX 3. Paleomagnetic results for individual sites within 
the Oval Peak batholith (OP) and Hidden Lake stock 
(HL).
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SAMPLE DIRECTIONS
SITE: OP01
Sample Number Declination (°) Inclination (°) Levels (Oe)
1 236.2 -72.5 250-300
4 245.4 +48.1 50-150*
5 353.7 -71.8 75-150
8 354.8 -74.5 150
9 292.9 -34.1 150-300
10 277.2 29.4 100-150*
12 275.0 -53.1 100-200
Site mean declination = 295.4; inclination = -66.1; alpha 95 = 25.04; 
k = 10.29
SITE: OP02
Sample Number Declination
1 228.9
2 265.7
3 90.3
4 138.6
5 253.6
6 317.5
7 266.5
8 263.4
9 78.8
10 67.8
11 133.7
12 353.7
Inclination (°) Levels (Oe)
63.5 200-300*
-50.8 200-600
-43.2 200-600
-70.8 200-600
29.1 200-300*
-36.2 200-300
-72.7 500
-75.3 400-600
69.8 100-200*
-56.4 150-250
-52.0 250-400
-73.8 150-250
Site mean declination = 26.0; inclination = -87.4; alpha 95 = 24.6; 
k = 5.34
SITE: OP03
Sample Number Declination (°) Inclination (°) Levels (Oe)
1
2
3
4 
6 
8 
9
90.0 -18.1 400-600
292.0 -39.3 400-600
270.5 -74.5 400-500
284.7 -54.2 150-400
198.9 40-5 50-150*
95.5 -32.8 50-100
178.3 72.6 100-150*
Site mean declination = 31.0; inclination = -82.4; alpha 95 = 29.31; 
k = 7.33
★ - not used for calculation of site mean
Sample Number Declination (°) Inclination (°) Levels (Oe)
1 353.4 65.9 50-100
2 303.4 58.3 50-100
3 1.1 56.0 150
4 356.1 74.2 50-150
5 177.1 80.6 100
6 311.4 51.4 100
7 16.0 49.9 150-250
8 21.0 30.9 50-150
9 338.8 48.5 50-100
10 357.3 42.2 50-100
11 21.1 51.2 50
12 344.4 45.8 50-100
13 350.8 24.4 50
14 334.6 -10.4 150*
15 327.3 -14.8 150*
16 317.8 38.9 50-100
17 14.7 66.2 100-150
18 25.2 5.4 50-150
Site mean declination = 352,9; inclination = 55.7; alpha 95 = 10.87; 
k = 12.50
SITE: OP05
Sample Number Declination ( °) Inclination (°) Levels (Oe)
1 260.7 14.6 250-300
4 224.9 64.5 50-100
6 130.0 83.4 50-100
7 43.7 30.3 50-100
8 37.0 25.9 150-200
12 44.2 11.4 50-100
Site mean declination = 23.4; inclination = 63.4; alpha 95 = 61.43; 
k = 2.14
★ = not used for calculation of site mean
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SITE: OP06
Sample Number Declination (°) Inclination (°) Levels (Oe)
1 258.5 -39.5 300-600
2 203.2 -38.2 150-300
3 32.5 -52.3 200-1000
4 298.8 -45.1 400-800
5 299.1 4.6 100-200*
6 238.5 -26.8 200-300
8 189.0 51.5 150-200*
14 17.2 -30.0 100-200
16 330.7 -37.4 100-250
Site mean declination = 294.6; inclination = -60.0; alpha 95 = 42.83;
k = -7.94
SITE: HLOl
Sample Number Declination (°) Inclination (°) Levels (Oe)
2 47.6 47.1 200
7 336.4 36.4 200-300
8 351.0 33.0 200-300
9 75.1 65.0 200
11 322.5 29.8 200
12 144.0 55.1 200-300
13 9.2 65.0 200
14 319.5 45.5 200
15 344.1 75.0 200-300
Site mean declination = 357.0; inclination = 62.0; >al pha 95 - 14.8;
k = 5.5
SITE: HL02
Sample Number Declination (°) Inclination (°) Levels (Oe)
1 11.5 76.8 200
3 40.9 76.8 200
4 69.9 75.5 200-300
6 27.8 52.7 200
7 128.0 66.0 200-300
10 101.2 59.5 200-300
11 357.9 69.7 200
14 357.1 61.7 200-300
16 62.1 60.9 200-300
Site mean declination = 49; inclination = 72; alpha 95 = 10.7 ; k = 19
* = not used for calculation of site mean
